In this paper we describe the design, construction and operation of a micropump that delivers continuous, ultra-low flow velocities at ∼100 µm s ) has been achieved in several channel geometries for extended periods of time (∼2 h). Various factors affecting the performance of the pump were studied and theoretical predictions along with experimental results are presented. Such a micropump could find applications in emerging biological assays such as single-molecule studies of DNA and cell adhesion analyses.
. The pumping concept is based on the commonly observed phenomenon of transpiration in plant leaves. A liquid meniscus is pinned inside a microchannel by selective hydrophobic patterning and the evaporation rate of the liquid at the meniscus is controlled. The controlled evaporative flux results in a regulated flow of the liquid from a reservoir to the meniscus. Using this technique, precise flow control (5 nl min −1 ) has been achieved in several channel geometries for extended periods of time (∼2 h). Various factors affecting the performance of the pump were studied and theoretical predictions along with experimental results are presented. Such a micropump could find applications in emerging biological assays such as single-molecule studies of DNA and cell adhesion analyses.
(Some figures in this article are in colour only in the electronic version)
Introduction
The concept of miniaturization of chemical analysis systems or 'Lab-on-a-chip' has witnessed significant developments over the last decade. The power of a Micro-Total Analysis System (µTAS) is especially apparent in areas of biological assays such as DNA sequencing (Liu et al 1999 , SalasSolano et al 2000 , genotyping (Woolley et al 1997) and cell sorting (Fu et al 1999) . As the push toward miniaturization continues, sample volumes are growing considerably smaller from microliters to nanoliters, and more components are being integrated onto the system. Several works emphasizing this trend of miniaturization and integration have been published in the last few years (Waters et al 1998 , Burns et al 1998 . This need for miniaturization and integration of fluidic components such as pumps and valves is also becoming apparent in emerging research areas like single-molecule assays and cellbased studies.
Single-molecule studies such as stretching of DNA molecules (Perkins et al 1995) , functioning of molecular motors (Mehta et al 1999) , transcription by RNA polymerase (Davenport et al 2000) are currently hot topics of interest in several research labs. DNA-based single-molecule studies have opened doors for alternate methods to map and sequence the genome. New genome mapping techniques based on endonuclease digestion on elongated and fluidfixed DNA molecules have been reported (Jing et al 1998) . Sequencing at a single molecule level based on exonuclease digestion of stretched DNA molecules has also been proposed (Dorre 1997) . All these new mapping and sequencing techniques rely on the ability to stretch DNA molecules. One single-molecule study showed that DNA molecules can be stretched in liquid-flow-based systems, where λ DNA molecules were held at one end by an optical tweezer and an extensional flow caused the molecules to stretch (Perkins et al 1995) . Such experiments require a pump to deliver continuous, ultra-low-velocity liquid flow rates.
Cell-based studies often require a pumping system that can generate focused, continuous, low-velocity flows. A recent study reported the use of multiple laminar streams in a microfluidic channel to deliver membrane-permeable molecules to selected subcellular microdomains (Takayama et al 2001) . This technique was applied to study the subcellular processes of mitochondrial movement and changes in cytoskeletal structure. Studies like these are useful for noninvasively visualizing, probing and manipulating the cellular metabolic and structural machinery.
In medical diagnostics, microdialysis systems used for continuous monitoring of glucose levels represent a promising means to reduce the risk of late complications and improve the quality of life of diabetic patients. These systems also require a micropump to deliver very small flow rates in the order of 100 nl min −1 continuously over several days to a few weeks. Important constraints of a microdialysis system include small and constant flow rates, small size and low weight, low energy consumption, simple construction and robust operation.
Silicon-based microfabrication technology has revolutionized the field of miniaturized chemical analysis systems and holds the potential for building micropumps for the specific applications discussed thus far. Several types of valved pumps employing thermopneumatic (Vand De Pol et al 1989) , piezoelectric (Carrozza et al 1995) , electrostatic (Zengerle et al 1992) actuation techniques and valveless pumps using electroosmotic (Manz et al 1995) techniques have been constructed on both silicon and glass substrates. However, most existing valved micropumps deliver pulsatile flows at relatively high velocities (1 mm s −1 ) and valveless electroosmotic pumps require the application of very high voltages (kV) with very little room for flow control. Other kinds of valveless pumps that are based on diffuser/nozzle designs also deliver pulsatile flows (Olsson et al 1997) .
The focus of this paper is on building a micropump based on earlier works (Namasivayam et al 2000, Goedecke and Manz 2001) for studies such as DNA stretching, glucose monitoring and subcellular labeling. A transpirationbased valveless micropump that works on the principle of evaporation from a liquid meniscus inside a capillary is presented for delivering the required non-pulsatile, ultralow flow rates. The paper discusses a theoretical basis for the pumping mechanism and includes a model describing the effect of the various control factors on the pumping velocity. The pumping mechanism is tested using devices constructed from silicon/glass and the experimental results are presented.
Micropump design and modeling
Our micropump design is based on the concept of transpiration at leaf surfaces. Transpiration is the phenomenon by which water is lost as water vapor through the pores (stomata) on the leaf surface. To compensate for the evaporative loss of water vapor, fresh water from the roots reaches the leaf surface (mainly by capillary action) (Canny 1998 ). In our transpiration-based micropump design, a liquid meniscus is pinned inside a microchannel by selective hydrophobic patterning (Handique et al 2000) and the evaporation rate of the liquid at the meniscus is controlled. Figure 1(a) shows a steady-state liquid meniscus pinned inside a slit-type microchannel. When the liquid is heated at the meniscus, the vapor pressure increases resulting in enhanced evaporation (Smith and Van Ness 1987) . As the vapor diffuses out, a fresh liquid supply is drawn into the channel from a reservoir to sustain steady-state operation. The capillary-force-aided imbibition process continues until the reservoir is depleted after which the meniscus begins to recede.
Consider a pumping device as shown in figure 1(b) , where liquid from the reservoir flows into channel A and gets pinned inside the channel (due to hydrophobic treatment). When the liquid at the meniscus is heated, the vapor diffuses out to channel B over a length (L) and is driven out of the system by airflow in channel B. To match this flux loss from the meniscus, liquid from the reservoir flows into channel A, thus creating a continuous flow. The pumping action is entirely limited by the evaporation rate of the liquid at the meniscus and the diffusion rates of the water vapor away from the meniscus. In essence, the following parameters contribute to the pumping rate: temperature at the meniscus, the airflow rate, the distance of the liquid meniscus from channel B (L) and the ratio of cross-sectional areas in channels A and B (A E /A F ).
In this section, we present a model that was developed with the objective of estimating liquid flow velocities that can be generated with the micropump. The model is also useful for understanding the influence of various control factors on the pumping velocities. Our model is built around equating the rate of evaporation from the meniscus with the liquid flow rate in channel A. The evaporation rate R E is given by the expression
where M is the molecular weight of the vapor, A E is the crosssectional area of the evaporation section and N E is the flux (moles/area/time). The flow rate of the liquid (R F ) from the reservoir to the meniscus matches this evaporation rate as long as the resistance due to pressure drop is not pronounced,
where ρ l is the liquid density, v is the average flow velocity and A F the flow cross-sectional area. The average velocity of the liquid flow can be extracted out by equating the two rates:
Evaporation from a pinned meniscus within a microchannel occurs at two regions; a thicker intrinsic meniscus region controlled by capillarity and a thin film (lubrication) region controlled by disjoining pressure and capillarity. In completely wetting systems, the effect of disjoining pressure in the thin film region has a substantial effect on the rate of evaporation (Schonberg et al 1995) . In our system since the meniscus is pinned in a hydrophobic (non-wetting) region, the effect of the extended meniscus (lubrication region) is neglected. The meniscus is also assumed to retain a flat shape since, with our hydrophobic patterning technique, we can obtain contact angles around 
90
• -100
• for water. The evaporative flux, N E , is given by the expression
where D is the diffusivity of the vapor, and C v and P v are the concentration and partial pressure of the vapor (Bird et al 1960) . To determine the vapor pressure gradient ∇p at the meniscus (at x = 0), we start from the basic equation for mass transfer of the vapor across the meniscus,
where D is the diffusivity of the vapor, p is the partial pressure and u is the velocity of airflow in channel B. Under steadystate conditions, the accumulation term ∂p ∂t is equal to zero. The convective term u · ∇p in equation (5) is included to describe the influence of airflow rate in channel B. The airflow rate in channel B not only helps maintain a constant vapor pressure, but also serves as an important control factor for convective mass transfer.
To solve equation (5) we assume the following boundary conditions:
where p v1 and p v2 represent the partial pressures of the vapor at the two ends of the design length (L). For a micropump designed for pumping water, p v2 can be approximated to partial pressure of water vapor in the air pumped through channel B. In our case, the experiments were carried out when the relative humidity in the air stream was 40%.
Equation (5) is first converted to a dimensionless form
where
with the following boundary conditions:
at X = 0, P = 1 and atX = 1, P = 0.
Since the Peclet number for this system is greater than 1, equation (6) can be solved using standard boundary layer approximations to obtain a rough estimate for the pressure profile (Cussler 1997) . From the solution for pressure distribution, the average vapor flux at the meniscus is then obtained as
where L is the interface distance, W is the width of the pinned meniscus and Pe is the Peclet number, a measure of the airflow velocity in channel B. This expression for the pressure gradient is incorporated in equation (3) to obtain the final expression for estimating the liquid pumping velocities:
Pumping velocities estimated using this model are presented in section 4. Comparison of the model-estimated velocities with the experimental values shows a close fit.
Materials and methods

Device construction
The micropump is a silicon-glass hybrid system with microchannels etched into the glass side and heaters, and temperature sensors microfabricated on the silicon side. Hydrophobic patches are formed selectively over the required regions on both silicon and glass sides by a silanization procedure (Handique et al 2000) . Detailed fabrication steps involved in the construction of the micropump are described below. Figure 2 shows the simplified process flow for constructing the micropump. Device fabrication begins by constructing heaters and temperature sensors on the silicon side. A silicon wafer (p-type, 18-22 cm, boron concentration ≈10 15 cm 3 ) is used as a substrate for the growth of SiO 2 thermal oxide. A 0.2 µm thick layer of thermal oxide is grown on the silicon wafer (figure 2(a.i)) prior to metal deposition ( figure 2(a.ii)) . A positive photoresist is applied, patterned and developed (figure 2(a.iii)). A 0.2 µm thick film of platinum is deposited on the substrate by electron beam evaporation (figure 2(a.iv)). A 0.01 µm thick titanium metal layer (electron beam deposited) is used as an adhesion layer. The resist and the overlying metal layers are then lifted off by a development using Microposit 1112A remover in the solution (Shipley Co.). The platinum metal forms the heater and resistive temperature detector ( figure 2(a.v) ). Next, 2 µm of low temperature oxide (LTO) of silicon is deposited ( figure 2(a.vi) ) to act as the barrier layer and the hydrophilic substrate. A second lithography is carried out and the LTO is etched in buffered hydrofluoric acid to open contacts with the metal contact pads ( figure 2(a.viii) ).
Silicon side fabrication: heaters, RTDs and hydrophobic patches.
Specific regions on the silicon oxide (LTO) were rendered hydrophobic using a selective hydrophobic patterning technique developed in our research group. This technique involves patterning a thin film of Al on the wafer (that acts as a mask) and dipping the wafer in a silane solution (fluorododecyltrichlorosilane, FDTS 1 wt%) in a nitrogen atmosphere. The exposed areas are rendered hydrophobic and the Al mask is removed by the wet etching process using a commercial Al etchant.
Glass side fabrication: channels, hydrophobic patches.
Channel fabrication begins by depositing a 0.4 µm metallic layer of gold (electron beam deposition) on the surface of a 500 µm thick glass wafer (Dow Corning 7740). A 0.06 µm layer of chromium was used as the adhesion layer. Photoresist (1827, 2 k) was applied and patterned using a glass channel mask and was developed. The metal layers were etched in a gold etchant (Gold Etchant TFA, Transene Co.) and a chromium etchant (CR-14, Cyantek Inc.). The accessible glass was then etched in a freshly prepared solution of hydrofluoric and nitric acid (7:3, v/v). The etch rate was approximately 6 µm min −1 and the etch depth was measured using a surface profilometer. The resulting glass channel cross section had a trapezoidal shape due to the under etch. (A 50 µm glass channel designed for 500 µm wide rectangular cross section resulted in trapezoidal shape with 700 µm at the top, 500 µm at the bottom.) The metal layers were removed and the wafer was rinsed in DI water, then air-dried and oven-dried at 100
• C for 20 min. Hydrophobic patterning was done on selected regions on the glass side using the same technique as described for the silicon side but a thicker photoresist (AZ 4620) was used in this case. The samples were then rinsed in DI water and air-dried. For the devices with the inlet from the top, holes were drilled by electrochemical discharge drilling (Shoji and Esahi 1990) .
3.1.3. Device assembly. The glass side was then aligned on top of the silicon side and then bonded together using an optical adhesive (SK-9 Lens Bond, Sumers Laboratories, Fort Washington, PA). The bond was cured under an ultraviolet light source (365 nm) for 24 h. To deliver a constant airflow into the device, a stainless steel hypodermic tubing is glued to the air-line hole using a fast-setting epoxy. A small teflon tubing connects the stainless tubing to an air pressure source and a pressure regulator.
Instrumentation
Precise temperature control (±0.1
• C) at the meniscus is achieved by using on-chip heaters and temperature detectors (RTDs). The chip was mounted on a PC board and interfaced with a Labview program (National Instruments). A software control system on the Labview program was used to control the temperature of the heaters. The airflow rate in channel B was controlled at a specific rate using an external air source and a pressure regulator (Matheson Gas Products Inc., Model 3701). The velocity of airflow was back-calculated by knowing the channel dimensions and the pressure applied.
Velocity measurements
Flow visualization was done by introducing fluorescein microspheres (fluoresbrite carboxylate microspheres, 3 µm diameter, obtained from Polysciences Inc., PA) as tracer particles and observing them through a stereoscope (Model SZH 10, Olympus, Japan) and the results were recorded using a Hammamatsu SIT camera. Figure 3(a) shows the schematic illustrating the velocimetry technique and figure 3(b) shows the picture of the channel, where the liquid (DI water) mixed with fluorescent microspheres is pumped from the reservoir end to the meniscus. Centerline velocity of the fluorescent spheres was calculated by measuring the time taken by the spheres to travel between two reference (heater) lines in the device 1 mm apart. The average liquid velocity was estimated from the centerline peak velocity of the fluorescein spheres as given by the following expression:
(for a rectangular channel).
Note that, in order to take into account the diffusion of the microspheres in the liquid, the distance traversed by the microspheres due to pure diffusion at room temperature was measured and this distance (∼3 µm) was subtracted during velocity calculations.
Results and discussions
As explained earlier, the pumping velocity depends on the evaporation rate at the meniscus, which in turn depends on the following factors: the temperature at the meniscus (T ), the airflow rate in channel B and design parameters (ratio of cross sections A E /A F , interface distance L). Performance of the micropump was characterized under the influence of several control factors and the results are presented below. Figure 4 shows the characteristics of the micropump, as predicted by the model described earlier (equation (8)). by merely changing the temperature at the meniscus from room temperature to 90
Model predictions and device operation
• C. Device geometry also serves as an in-built control parameter for obtaining the required flow velocities. Based on these estimates from the model, different micropump designs with varying channel geometric ratios were fabricated and tested.
Figure 5(a) shows the photograph of a micropump constructed for this study. To operate the system, liquid is introduced at the reservoir, which enters the channel by capillary action and stops at the hydrophobic regions. To facilitate a constant supply of liquid to the meniscus, a small pressure head (2 of water) is maintained at the reservoir end. Figure 5(b) shows the zoomed-in picture of the device, where the liquid (DI water) is stopped at the hydrophobic patch. The shape of the meniscus stopped on the hydrophobic region is seen to be flat. (The static contact angle of water on the surface of a silicon wafer before and after the hydrophobic treatment was measured to be 30
• ± 0.5
• and 100 • ± 0.5 • , respectively). The hydrophobic patches were also found to be durable under the influence of different solvents, acids and bases (Handique et al 2000) . The stability of these hydrophobic films under high temperatures is usually of concern. In our case, the films have to withstand temperatures up to 100
• C during operation, since all other assembly and testing steps are carried out at low temperatures. Srinivasan et al (1997) have reported FDTS film to be stable up to 400
• C in air for 5 min.
Control factors
4.2.1. Temperature. Temperature is perhaps the most important control factor of the micropump. To characterize the effect of temperature on the pumping velocity, DI water mixed with fluorescent microspheres was stopped at the meniscus by a hydrophobic patch and the heater just behind the meniscus was turned on. Temperature at the meniscus was gradually increased using the LabView controller and the pumping velocity was estimated for each temperature setting. The experiment was repeated in another device with a different cross-sectional ratio (A E /A F ). Airflow rate was maintained constant during the course of the experiment. Figure 6 shows the estimated average flow velocities at several operating temperatures of the heater near the meniscus in two different device geometries. The experimentally observed values fit closely with the predicted values from the model as shown in figure 6.
Airflow.
The influence of airflow was studied in a device with a cross-sectional ratio (A E /A F ) of 5. Velocity measurements were made at various operating temperatures under two different airflow velocities (10 and 20 cm s −1 ) in channel B. Figure 7 shows the variation of liquid flow velocity in channel A with changes in the airflow rate in channel B. Increasing the airflow rate results in enhanced diffusion of vapor from the channel and hence leads to increased liquid flow rates in channel A. However, higher flow rates of air (>25 cm s −1 ) would cause the pinned meniscus to recede. This is mainly due to the increased pressure developed at the liquid meniscus-air interface that tends to push the meniscus back. Figure 8 shows a pinned meniscus inside a microchannel that is pushed back due to a high airflow rate in channel B.
Regulated airflow in the side channel (channel B) forms an important control factor for the micropump. A constant airflow rate in channel B helps to drive the vapor out of the system and re-condensation of the vapor within the device is hence prevented. Besides aiding enhanced evaporation from the meniscus by convection, the airflow rate also serves to maintain a constant vapor pressure in the side channel. Without the constant heated airflow in the side channel, the pumping characteristics of the micropump can vary drastically due to changes in humidity, which calls for day-to-day characterization of the pump. Another simple way to eliminate humidity changes is to use nitrogen or inert gases.
Device geometry.
The most obvious design parameter affecting the liquid pumping velocity is the ratio of cross sections (A E /A F ). Based on the prediction from equation (8), as this ratio increases the liquid flow velocity increases in channel A. Figure 9 shows the set of devices that were assembled and tested. Velocity measurements were made in all these devices at different operating temperatures under a constant airflow rate. Figure 10 shows the experimental results of these studies for five different device geometries (A E /A F : Another important design factor is the interface distance L. From equation (8), we can conclude that the shorter this length L, the higher the liquid flow velocity. However, if the design length becomes very small (<100 µm), the meniscus is very close to channel B through which we pump air. At this point the meniscus is seen to be very unstable even for moderate airflows and is pushed back. The contact angle of the pinned meniscus changes due to airflow and in some cases the meniscus is seen to recede, resulting in unstable liquid flow velocities. Two different devices with varying interface lengths (150 and 300 µm) were tested. In our studies, we have seen that devices with 150 µm interface lengths were unstable under external airflow and devices with 300 µm worked well under moderate airflow rates. Based on the same argument, the airflow channel design (channel B) also requires a certain minimal width. Channels with very small widths (<100 µm), close to the depth of the channel, have high airflow velocities coupled with a large pressure drop. Both these factors again tend to make the pinned meniscus unstable. Airflow channels (2 mm long and 700 µm wide) were used for our experiments. In all these studies the depth of the channels was maintained constant at 50 µm. The response time of our pump, a measure of how long it takes to initiate a constant flow rate or stop the flow, is mainly dependent on the heat transfer characteristics of the device. The time taken to heat up the liquid meniscus to a certain desired temperature is the limiting step to initiate a constant flow in the device and similarly, the cooling-down characteristics of the device determines the stop response time. The time taken to heat distilled water from room temperature to 70
Effect of Cross-sectional Ratio
• C (using on-chip heaters), and to initiate a small constant flow rate of ∼40 nl min −1 in a channel geometry with a cross-sectional ratio of 1:1 was chosen as a standard. Since our device uses silicon (thermal conductivity = 148 W/m/K) as the substrate and on-chip heaters just behind the meniscus, fast temperature ramp-up rates of the order of 25
• C s −1 were achieved. As a result we could initiate and maintain a constant flow rate of 40 nl min −1 within 2 s after the power was turned on. Heater is maintained at 70
Response time analysis
Glass
• C at time t = 0 and liquid temperature in the channel reaches 65
• C after 214 ms.
To verify this experimental observation, dynamic heat transfer simulations of the system were done using a commercial finite element analysis software (MATLAB-PDETOOL). Figure 11 shows the simulated temperature profile in the device, 214 ms after the heater was turned on. The cross section of the device with all the materials is shown. For this study, the heater was set at 70
• C at time t = 0 and the boundary conditions (at the edges of the device) were set to cooling by convection to the ambient. If the heater is maintained at a constant temperature of 70
• C at time t = 0, then water in the microchannel can theoretically reach 70
• C just after 214 ms as shown. To study the stop-response time, the heater was turned off and the time taken for the flow to stop when the device cools down to room temperature was measured. To accelerate the temperature ramp down, a peltier device maintained at 5
• C was placed under the micropump during the cooling-down stage. The observed stop-response time was about 4 s.
Robustness.
One way to characterize the robustness of the micropump is by studying how long a constant flow rate could be sustained. For this study again a constant flow rate of 35 nl min −1 was initiated in a micropump with a geometry ratio of 1:1. The temperature of the meniscus was maintained at 65
• C and the airflow rate was held constant at 10 cm s −1 . The flow rate was monitored by measuring the velocity of fluorescein microspheres at constant intervals of 5 min. Figure 12 shows the continuous flow rate maintained by the pump over 2 h of continuous operation. The decrease in flow rate after 2 h of operation is possibly because of the accumulation of the fluorescein microspheres at the liquid meniscus.
Continuous working of the micropump also depends on the amount of liquid head held at the reservoir end, which in turn depends on how much differential pressure the hydrophobic patch at the meniscus end can withstand. Earlier experiments in our group have shown that we can support up to a 2 water head using the hydrophobic patches. Using a 2 water head at the reservoir end inside a 350 µm radius capillary (as described in section 4.1) translates to about 20 µl water in that cylindrical reservoir. This implies continuous pumping for about 10 h at a constant pumping rate of 30 nl min −1 , provided that ideal operating conditions can be achieved.
Robustness characterization
Summary and conclusions
We have developed a novel micropump to deliver nonpulsatile, ultra-low flow velocities in the 100 µm s −1 range.
The pumping mechanism is based on the concept of evaporation of liquid at a pinned meniscus and capillarity action in microchannels. Resulting flow rates are precisely controllable in the order of 5 nl min −1 . The micropump is fabricated using the well-characterized silicon microfabrication techniques, does not involve any moving parts and hence is found to be very robust in operation.
Our transpiration-based micropump, though demonstrated for pumping water, can be potentially used for pumping most solvents with viscosities similar to water. However, this will require modifications in the hydrophobic patch design (to maintain a flat meniscus). The micropump may be of use in several emerging biological studies including stretching single DNA molecules, monitoring cell adhesion and understanding shear effects on immobilized proteins. The pumping concept can be further extended to include several lanes, each of which has a pinned meniscus. By controlling the evaporation rate at a meniscus in one lane, we can expect to see some interesting flow-direction-switching behavior. Such a device can also be used for sorting molecules. On the other hand, a device with several reservoirs and evaporation at a single pinned meniscus can be used to create hydrodynamic focusing effects.
